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Strategies targeted to delay progression of kidney disease and reduce mortality remain paramount for the treatment of patients with chronic kidney disease (CKD). The use of renin-angiotensin system (RAS) inhibitors is effective in slowing CKD progression,[@bib1]^,^[@bib2] as well as reducing cardiovascular events,[@bib3]^,^[@bib4] independent of blood pressure effects.[@bib1]^,^[@bib5], [@bib6], [@bib7]

Although RAS inhibition is standard of care in early to moderate CKD, there is a lack of consensus on RAS inhibitor prescription at more advanced stages of CKD. Despite studies that have suggested that RAS blockade may be both safe and beneficial in patients with advanced CKD,[@bib7], [@bib8], [@bib9] physicians remain reticent to prescribe such therapy, likely attributable to undesired side effects, particularly hyperkalemia and a further decline in glomerular filtration rate (GFR), potentially hastening progression to end-stage renal disease (ESRD).[@bib10] Most studies have excluded patients with advanced CKD (estimated GFR \[eGFR\] \< 30 mL/min/1.73 m^2^), resulting in a paucity of data regarding the efficacy of these agents in this population.

Prior studies have examined the use of RAS inhibitors in patients with advanced CKD, yielding conflicting findings. Ruggenenti et al[@bib8] published a post hoc analysis of the Ramipril Efficacy in Nephropathy trial, demonstrating decreased incidence of ESRD with angiotensin-converting enzyme (ACE) inhibitor and angiotensin receptor blocker (ARB) use in 322 nondiabetic participants with proteinuric stage 4 CKD. Conversely, a study by Ahmed et al[@bib11] involving 52 participants with a mean eGFR of 16 mL/min/1.73 m^2^ showed an improvement in eGFR after discontinuation of ACE inhibitor/ARB therapy. Most recently, Hsu et al[@bib9] showed that ACE inhibitors and ARBs are associated with lower risk for progression to ESRD in patients with advanced CKD using a Taiwanese research database. Important limitations of previous studies include possible misclassification of kidney function, lack of adjustment for important confounders such as blood pressure and proteinuria, and study of non-US populations that may not be generalizable. A recent National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF-KDOQI) controversies report highlighted the paucity of data among patients with advanced CKD and identified study of RAS inhibitors in advanced CKD as a research priority.[@bib12]

Therefore, in this study we described the use of ACE inhibitors/ARBs in a multicenter US cohort of participants with advanced CKD and examined the association of different patterns of ACE inhibitor/ARB use during advanced CKD with risks for progression to ESRD and death.

Methods {#sec1}
=======

Study Population {#sec1.1}
----------------

We studied participants enrolled in the Chronic Renal Insufficiency Cohort (CRIC) Study. CRIC is a National Institutes of Health--funded multicenter prospective observational cohort study that enrolled 3,939 participants 21 to 74 years of age with CKD with eGFRs of 20 to 70 mL/min/1.73 m~2~ using the Modification in Diet in Renal Disease (MDRD) Study equation between 2003 and 2008.[@bib13] CRIC participants had annual in-person visits and telephone calls every 6 months to update medications and medical history. At the study visits, updated data for medical history, medications, physical examination, laboratory measures, and cardiovascular testing were collected. Exclusion criteria included New York Heart Association class III or IV heart failure and severe liver disease. A subset of enrolled CRIC participants progressed to ESRD. Informed consent was obtained from each participating site.

For this study, we identified 678 CRIC participants enrolled in the study with stage 4 or 5 CKD at cohort entry, defined as eGFR \< 30 mL/min/1.73 m^2^ at the baseline visit (but not receiving kidney replacement therapy or a kidney transplant).

RAS Inhibitor Use {#sec1.2}
-----------------

CRIC participants had annual in-person and every 6-month telephone contacts during which medication use was verified by a review of the participant's medication containers by study coordinators or through self. For the purpose of our study, RAS inhibitor use was defined as ACE inhibitor or ARB use only.

A single study physician reviewed the use of RAS inhibitors within the first year after the baseline visit (for which eGFR was \<30 mL/min/1.73 m^2^) and characterized 4 patterns of use; never users, always users, dynamic users, and new users. Participants were grouped into never users if RAS inhibitor was not used during this 1-year period, always users if RAS inhibitors were used for the entire period, dynamic users if treated with periods on and off therapy, and new users if participants reported new RAS inhibitor use within the first year after the baseline visit.

Outcomes {#sec1.3}
--------

The study outcomes included: (1) progression to ESRD, defined as initiation of kidney replacement therapy or receipt of a kidney transplant, and (2) all-cause mortality. ESRD was ascertained by participant report or linkage to the US Renal Data System. Mortality was ascertained by regular contact with participants and next of kin and linkage to the National Death Index.

Covariates {#sec1.4}
----------

At the baseline and subsequent visits, participants provided information regarding medical history, medication use, lifestyle behaviors (eg, tobacco use), and sociodemographic characteristics. Race/ethnicity was categorized as non-Hispanic white, non-Hispanic black, Hispanic, or other. Diabetes mellitus was defined as fasting glucose concentration \> 126 mg/dL, nonfasting glucose concentration \> 200 mg/dL, or use of antidiabetic agents. Serum creatinine was measured using an enzymatic method on an Ortho Vitros 950 (Ortho Clinical Diagnostics) at the CRIC Study Central Laboratory and standardized to isotope-dilution mass spectrometry--traceable values.[@bib14], [@bib15], [@bib16] eGFR was calculated from serum creatinine level using the MDRD Study equation. Body mass index was derived and blood pressure was assessed using standard protocols.[@bib17]

Statistical Analyses {#sec1.5}
--------------------

We first described characteristics of the study participants overall and by categories of RAS inhibitor use (never users, always users, dynamic users, and new users). To address potential confounders, we used propensity score matching. Each participant in the always users group was matched in a 1:1 ratio with a participant from the other 3 groups. Propensity scores were estimated using logistic regression models to predict the assignment to the groups. Participants were matched on the following confounders, selected a priori: age (±5 years), sex, race (white vs nonwhite), diabetes, hypertension, systolic blood pressure (±5 mm Hg), eGFR (±5 mL/min/1.73 m^2^), urinary protein-creatinine ratio (UPCR; ±0.2 g), and serum potassium level (± 0.2 mg/dL). UPCR was log-transformed due to the skewed distribution. Complete cases (with no missing covariates) were used for propensity score analyses. For each participant, we computed the logit of the estimated propensity score. We used greedy matching to match participants using calipers that were defined to have a maximum width of 0.2 standard deviation of the logit of the estimated propensity score. Adequacy of the propensity score to adjust for effects of covariates was assessed by testing each of the 3 groups for differences in individual covariates between always/never (always/dynamic and always/new user) participants after stratifying by propensity score quintiles. Each covariate was modeled as a function of always/never and propensity score quintiles. We further calculated the standardized mean differences and the ratio of the standard deviations.

Kaplan-Meier curves for both ESRD and mortality were generated comparing never users, dynamic users, and new users individually with the always users group. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using Cox proportional hazards regression in the matched population, for which we adjusted for the matched pair design. We tested for an interaction by baseline history of atherosclerotic cardiovascular disease (CVD) or heart failure because these comorbid conditions may modify the observed associations.

We performed 2 sensitivity analyses. In the first, we evaluated models accounting for the competing risk for death using the method of Fine and Gray[@bib18] when examining the association of patterns of RAS inhibitor use with ESRD. In the second, we additionally adjusted for UPCR in our Cox models because imbalances were noted in propensity score matching for this variable.

In secondary analyses, we repeated our Cox models using the entire cohort of interest rather than propensity score matching. In these analyses, we adjusted for proteinuria in addition to atherosclerotic CVD and heart failure.

Analyses were performed using SPSS (IBM Corp; 2017, version 25.0) and R, version 3.4.3 (R Core Team, 2017).

Results {#sec2}
=======

Characteristics of Study Population {#sec2.1}
-----------------------------------

Among the 678 total participants in our study, mean age was 59 years, 53% were women, and 38% were white ([Table 1](#tbl1){ref-type="table"}). Mean eGFR was 25 mL/min/1.73 m^2^ and median UPCR and albumin-creatinine ratio were 0.54 g/g and 261 mg/g, respectively. Most (91%) had hypertension, 54% had diabetes, 13% had heart failure, and 39% had coronary artery disease. Mean blood pressure was 131 mm Hg systolic and 70 mm Hg diastolic.Table 1Baseline Characteristics of CRIC Participants With Baseline eGFRs \< 30 mL/min/1.73 m^2^ and RAS Inhibitor UseOverall (N = 678)No ACEi/ARB (N = 159)Always User (N = 386)Dynamic User (N = 85)New User (N = 48)MissingAge, y59 ± 1159 ± 1259 ± 1159 ± 1156 ± 140Male sex315 (47%)67 (42%)185 (48%)39 (46%)24 (50%)0Race0 Non-Hispanic white256 (38%)55 (35%)160 (42%)31 (37%)10 (21%) Non-Hispanic black269 (40%)62 (39%)152 (39%)32 (38%)23 (48%) Hispanic122 (18%)31 (20%)60 (16%)19 (22%)12 (25%) Other31 (5%)11 (7%)14 (4%)3 (4%)3 (6%)Diabetes364 (54%)68 (43%)225 (58%)45 (53%)26 (54%)0Hypertension619 (91%)137 (86%)359 (93%)79 (93%)44 (92%)0No. of antihypertensive medications3.0 ± 1.52.1 ± 1.43.4 ± 1.43.4 ± 1.52.4 ± 1.50No. of antihypertensive medications0 032 (5%)22 (14%)0 (0%)2 (2%)8 (17%) 182 (12%)34 (21%)36 (9%)7 (8%)5 (10%) 2147 (22%)40 (25%)76 (20%)20 (24%)11 (23%) 3154 (23%)32 (20%)98 (25%)12 (14%)12 (25%) ≥4263 (39%)31 (20%)176 (46%)44 (52%)12 (25%)β-Blockers370 (55%)86 (54%)207 (54%)48 (57%)29 (60%)0Calcium channel blockers346 (51%)83 (52%)191 (50%)45 (53%)27 (56%)0Diuretics476 (70%)97 (61%)283 (73%)62 (73%)34 (71%)0Systolic blood pressure, mm Hg131 ± 23134 ± 21128 ± 23133 ± 24139 ± 230Diastolic blood pressure, mm Hg70 ± 1372 ± 1269 ± 1270 ± 1674 ± 130Potassium level, mEq/L4.53 ± 0.574.42 ± 0.554.60 ± 0.574.56 ± 0.584.37 ± 0.560Ejection fraction categories175 (26%) \>50%390 (78%)96 (79%)228 (79%)37 (65%)29 (83%) 46%-50%46 (9%)14 (12%)24 (8%)8 (14%)0 (0%) 36%-45%42 (8%)9 (7%)23 (8%)7 (12%)3 (9%) ≤35%25 (5%)3 (3%)14 (5%)5 (9%)3 (9%)Left ventricular mass, g222 ± 66213 ± 65221 ± 61244 ± 84233 ± 72230 (34%)Heart failure86 (13%)10 (6%)56 (15%)14 (17%)6 (13%)0Coronary artery disease263 (39%)44 (28%)160 (42%)40 (47%)19 (40%)0Current smoker99 (15%)37 (23%)41 (11%)13 (15%)8 (17%)0Body mass index, kg/m^2^32.28.330.17.933.0±8.432.6±8.632.5±6.93 (0.4%)eGFR, mL/min/1.73 m^2^25 ± 325 ± 425 ± 324 ± 325 ± 40Urinary protein-creatinine ratio, g/g0.54 \[0.12-1.81\]0.62 \[0.17-2.17\]0.46 \[0.11-1.40\]0.65 \[0.11-2.76\]1.02 \[0.22-3.04\]0Urinary albumin-creatinine ratio, mg/g261 \[43-1,151\]252 \[50-1,406\]237 \[38-915\]418 \[49-1,655\]575 \[63-2,277\]0[^1][^2]

Characteristics of Study Population Across Patterns of RAS Inhibitor Use in CKD {#sec2.2}
-------------------------------------------------------------------------------

Before propensity score matching, we identified 159 (23%) patients who were not prescribed an ACE inhibitor/ARB for the duration of the study period (never users), 386 (57%) were consistently taking an ACE inhibitor/ARB (always users), 85 (13%) were dynamic users with periods on and off therapy, and 48 (7%) were initiated on ACE inhibitor/ARB therapy (new users). Never users had a lower proportion of hypertension, diabetes, heart failure, and coronary artery disease than the other groups. Most always users had diabetes and this group had the lowest blood pressure and degree of proteinuria compared with the other groups. Dynamic users had slightly higher proportions of heart failure and coronary artery disease, whereas rates of diabetes and hypertension and serum potassium levels were similar in comparison to the other groups. New users had similar rates of diabetes and hypertension, though the highest degree of proteinuria and blood pressure in comparison to the other groups ([Table 1](#tbl1){ref-type="table"}).

When characteristics of the propensity score--matched groups were compared, the groups were well matched in regard to systolic blood pressure, eGFR, age, and ethnicity ([Table 2](#tbl2){ref-type="table"}). The greatest imbalance was seen with proteinuria, which was true in all propensity-matched groups ([Table 2](#tbl2){ref-type="table"}).Table 2Baseline Characteristics of Propensity Score--Matched ParticipantsAlways UserNever UserStandardized Mean Difference in Propensity Score MeansRatio of SDsN1411410.00031.0018Age, y60 ± 1159 ± 11Male sex61 (43%)60 (43%)Black59 (42%)55 (39%)Diabetes52 (37%)61 (43%)Hypertension123 (87%)125 (89%)Systolic blood pressure, mm Hg130 ± 24133 ± 21Potassium level, mEq/L4.45 ± 0.554.46 ± 0.55eGFR, mL/min/1.73 m^2^25 ± 325 ± 4Urinary protein-creatinine ratio, g/g0.40 \[0.11, 1.25\]0.68 \[0.15, 2.11\]Always UserDynamic UserN76760.00081.0010Age, y60 ± 1160 ± 11Male sex40 (53%)35 (46%)Black30 (40%)29 (38%)Diabetes32 (42%)40 (53%)Hypertension70 (92%)71 (93%)Systolic blood pressure, mm Hg128 ± 24132 ± 24Potassium level, mEq/L4.61 ± 0.584.56 ± 0.58eGFR mL/min/1.73 m^2^25 ± 325 ± 4Urinary protein-creatinine ratio, g/g0.42 \[0.12, 1.61\]0.60 \[0.12, 2.68\]Always UserNew UserN39390.00141.0114Age, y57 ± 1159 ± 13Male sex23 (59%)18 (46%)Black19 (49%)19 (49%)Diabetes19 (49%)23 (59%)Hypertension37 (95%)36 (92%)Systolic blood pressure, mm Hg131 ± 16137 ± 22Potassium level, mEq/L4.41 ± 0.504.50 ± 0.51eGFR, mL/min/1.73 m^2^25 ± 325 ± 4Urinary protein-reatinine ratio, g/g0.33 \[0.12, 1.16\]0.85 \[0.22, 2.80\][^3][^4]

Association of RAS Inhibitor Use With Progression to ESRD {#sec2.3}
---------------------------------------------------------

There were 368 ESRD events with an overall rate of 14.3% per year in our study population, with a mean follow-up time of 3.3 years.

### Never Users Compared With Always Users: Primary Analysis {#sec2.3.1}

In the propensity score--matched analysis; there were no differences in cumulative risk for ESRD between always users versus never users ([Fig 1](#fig1){ref-type="fig"}A). In the propensity score--matched Cox models, we did not observe a statistically significant difference in progression to ESRD between always and never users (HR, 1.02; 95% CI, 0.74-1.40; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.12).Figure 1Kaplan-Meier curves display proportions of end-stage renal disease (ESRD)-free survival comparing always users with (A) never users (log-rank *P* = 0.812), (B) dynamic users (log-rank *P* = 0.369), and (C) new users (log-rank *P* = 0.362). Abbreviations: ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; ESRD, end-stage renal disease.Table 3Association of Patterns of ACEi/ARB Use With Risk for ESRD and Mortality: Propensity Score--Matched ParticipantsHazard Ratio (95% CI)N**ESRD**Always user1.00 (reference)256Never user1.02 (0.74-1.40)141Dynamic user1.23 (0.80-1.90)76New user1.10 (0.63-1.92)39**Mortality**Always user1.00 (reference)256Never user1.09 (0.71-1.67)141Dynamic user1.46 (0.83-2.55)76New user0.78 (0.33-1.84)39[^5]

### Dynamic Users Compared With Always Users: Primary Analysis {#sec2.3.2}

In the propensity score--matched analysis, there were no differences in cumulative risk for ESRD between always and dynamic users ([Fig 1](#fig1){ref-type="fig"}B). In the propensity score--matched Cox models, we found no significant difference in progression to ESRD between groups. However, we observed a trend toward increased risk for progression to ESRD in dynamic users compared with always users of ACE inhibitors/ARBs (HR, 1.23; 95% CI, 0.80-1.90; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.14).

### New Users Compared With Always Users {#sec2.3.3}

#### Primary Analysis {#sec2.3.3.1}

There was no difference in cumulative risk for ESRD between always and new users in the propensity score--matched analysis ([Fig 1](#fig1){ref-type="fig"}C). There was no significant difference between groups in propensity score--matched Cox models in risk for ESRD between new users compared with always users (HR, 1.10; 95% CI, 0.63-1.92; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.26).

#### Sensitivity Analyses {#sec2.3.3.2}

In sensitivity analysis, we performed a competing-risk model for death, in addition to adjusting for UPCR, which did not affect our results ([Tables S1](#appsec1){ref-type="sec"} and [S2](#appsec1){ref-type="sec"}).

#### Secondary Analysis {#sec2.3.3.3}

We repeated our analyses without propensity score matching. Incidence rates of progression to ESRD were 13.6% per year, 13.8% per year, 16.4% per year, and 19.4% per year for always, never, dynamic, and new users, respectively. In Cox models, there was no significant difference between groups in the unadjusted model or after adjustment for all covariates ([Table S3](#appsec1){ref-type="sec"}).

Association of RAS Inhibitor Use With Risk for Mortality {#sec2.4}
--------------------------------------------------------

Among the 678 participants in our study, the overall number of deaths was 204 and the incidence rate of death was 5.3% per year, during a mean follow-up of 5.4 years.

### Never Users Compared With Always Users: Primary Analysis {#sec2.4.1}

We found no difference in cumulative risk for mortality between always and never users in the propensity score--matched analysis ([Fig 2](#fig2){ref-type="fig"}A). Similarly, there was no significant difference between the 2 groups in the propensity score--matched Cox models (HR, 1.09; 95% CI, 0.71-1.67; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.89).Figure 2Kaplan-Meier curves display proportions free of death comparing always users with (A) never users (log-rank *P* = 0.619), (B) dynamic users (log-rank *P* = 0.138), and (C) new users (log-rank *P* = 0.376). Abbreviation: ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker.

### Dynamic Users Compared With Always Users: Primary Analysis {#sec2.4.2}

In the propensity score--matched analysis there was no difference in cumulative risk for mortality between always and dynamic users of ACE inhibitors/ARBs ([Fig 2](#fig2){ref-type="fig"}B). We found no significant difference between always and dynamic users in the propensity score--matched Cox models (HR, 1.46; 95% CI, 0.83-2.55; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.44).

### New Users Compared With Always Users {#sec2.4.3}

#### Primary Analysis {#sec2.4.3.1}

We found no difference in cumulative risk for mortality between always and new users in the propensity score--matched analysis ([Fig 2](#fig2){ref-type="fig"}C). We noted decreased risk for mortality in new users as compared with always users in the propensity score--matched Cox models that did not reach statistical significance (HR, 0.78; 95% CI, 0.33-1.84; [Table 3](#tbl3){ref-type="table"}). Interaction by history of atherosclerotic CVD or heart failure was not statistically significant (*P* = 0.45).

#### Sensitivity Analysis {#sec2.4.3.2}

Further adjustment for UPCR did not change our results ([Table S4](#appsec1){ref-type="sec"}).

#### Secondary Analysis {#sec2.4.3.3}

Mortality rates for always, never, dynamic, and new users were 5.1% per year, 5.5% per year, 7.4% per year, and 3.6% per year, respectively. When performing Cox models in the non--propensity score cohort, there was no difference between groups in the unadjusted model or after adjustment for all covariates, though there was a decreased rate of mortality in new users compared with always users, which did not reach statistical significance ([Table S4](#appsec1){ref-type="sec"}).

Discussion {#sec3}
==========

In this observational study of RAS inhibitor use in a large multicenter cohort of participants with advanced CKD, our results demonstrate significant variability in the use of RAS inhibitors, even among high-risk subgroups. In study participants with eGFRs \< 30 mL/min/1.73 m^2^, 23% were not taking an ACE inhibitor/ARB despite at least 43% of these with common nonrenal indications for RAS inhibitors, such as diabetes or heart failure. We found that 57% of the study population were consistently using ACE inhibitors/ARBs and 13% and 7% were either dynamic users or started ACE inhibitor/ARB therapy at eGFRs \< 30 mL/min/1.73 m^2^, respectively. Using propensity score--matched analysis, we did not find differences in risk for progression to ESRD or mortality across patterns of RAS inhibitor use in participants with advanced CKD. It is possible that therapies before advanced CKD have the greatest impact on clinical outcomes. However, more definitive clinical trials are needed to answer this question more conclusively.

Our study is consistent with prior published data indicating underuse of RAS inhibitors in high-risk populations.[@bib19], [@bib20], [@bib21], [@bib22] Although data regarding patients with advanced CKD are sparse, it has been suggested that there is an increasing prevalence of prescriptions for RAS inhibitors among this population,[@bib19]^,^[@bib22] although use appears to have reached a plateau in the past decade.[@bib23] We identified irregular prescribing patterns among participants with traditional nonrenal indications for RAS inhibitors, such as heart failure, despite evidence that these agents decrease cardiovascular events.[@bib13] Despite this, the prescription rate in our study was significantly higher than previously published data, suggesting that \<40% of patients with CKD stages 4 and 5 and concurrent heart failure received RAS inhibition,[@bib24] which is consistent with a large study assessing older adults transitioning from CKD to ESRD.[@bib25] Overall, our study is indicative of a high but heterogeneous pattern of RAS inhibitor use in patients with advanced CKD, which continues to highlight the lack of robust data to guide RAS inhibitor use in this population.

We found no difference in the rate of progression to ESRD between participants treated continuously with RAS inhibitors or not treated at all for the duration of the study, which may be due to the suggestion that RAS inhibition confers the greatest benefit when used early in the course of CKD.[@bib7] Initiation of RAS inhibitors in participants with advanced CKD did not seem to confer benefit or cause detriment. Prior studies have yielded conflicting results. Notably, a study by Hou et al[@bib7] demonstrated improved outcomes in participants with mild to moderate CKD treated with ACE inhibitors, which was not sustained in participants with advanced disease. This study is limited by its lack of reporting of eGFR and a population consisting of nondiabetic patients only, which encompassed \>50% of our study population. More recently, a study by Hsu et al[@bib9] demonstrated that ACE inhibitors/ARBs are associated with lower risk for progression to KRT in participants with advanced CKD. However, the degree of decreased kidney function was extrapolated by the use of erythropoiesis-stimulating agents. Furthermore, glomerulonephritis is the most common cause of CKD in these countries and may not be generalizable to a United States--based population in which diabetes and hypertension are the leading causes of CKD.[@bib26] In a post hoc analysis of the RENAAL (Reduction of Endpoints in NIDDM With the Angiotensin II Antagonist Losartan) trial, investigators examined the efficacy of losartan among patients with diabetic nephropathy, which revealed benefit in ESRD risk across all levels of eGFR. However, no mortality benefit was seen.[@bib27] Thus, observational and post hoc clinical trial data remain conflicting on the efficacy of RAS inhibitors to slow progression to ESRD among patients with advanced CKD.

Similar to the association with ESRD, we found no differences in mortality rates between participants treated continuously with RAS inhibitors or not for the duration of the study. Although this study is not designed to determine causation, we observed lower risk for mortality among participants initiated on RAS inhibitor therapy during advanced CKD, which was not statistically significant. This may be secondary to cardiovascular benefit versus maintenance of residual kidney function, which has previously been shown to confer mortality benefit.[@bib28] Additionally, participants who initiated ACE inhibitor/ARB therapy had a higher degree of proteinuria, which is a known predictor of both cardiovascular and noncardiovascular mortality.[@bib29]

There are few studies addressing RAS inhibition and effect on mortality in participants with advanced CKD. A post hoc analysis of the SAVE (Survival and Ventricular Enlargement) trial showed a risk ratio reduction of 31% on the composite end point of all-cause mortality, cardiovascular mortality, myocardial infarction, and heart failure among participants with CKD, as defined by a baseline creatinine level \< 2.5 mg/dL, treated with captopril.[@bib30] A study by Brar et al[@bib31] of the Alberta Kidney Disease Network demonstrated a reduction in mortality, though increased hospitalizations for a kidney cause, that is, acute kidney injury or hyperkalemia, if RAS inhibitors were prescribed within 6 months of a hospitalization complicated by AKI. This effect was consistent among prior users of RAS inhibitors.[@bib31] However, the mean eGFR of ACE inhibitor or ARB users was 62 mL/min/1.73 m^2^, and 98% of these participants had CKD stage 3 or better, so it is unclear whether these findings can be extrapolated to those with advanced CKD.

Based on our data, it remains unclear whether patients with advanced CKD should be resumed on RAS inhibitor therapy if they develop an acute indication for discontinuation. A question that may be better addressed when results of the STOP-ACEi (Multicentre Randomised Controlled Trial of Angiotensin-Converting Enzyme inhibitor \[ACEi\]/Angiotensin Receptor Blocker \[ARB\] Withdrawal in Advanced Renal Disease) trial, which is assessing discontinuation of ACE inhibitors/ARBs in patients with stage 4 or 5 CKD, are published.[@bib32] Finally, it is plausible that in advanced stages of CKD, other therapies may be more effective in improving clinical outcomes. Recent evidence has shown that sodium-glucose cotransporter 2 inhibitors slow progression to ESRD among patients with CKD and diabetes,[@bib33], [@bib34], [@bib35], [@bib36] though patients with advanced CKD were excluded. Ongoing studies will evaluate for potential benefit in other populations of patients with CKD.

Strengths of our study include a large multicenter cohort of participants with a long follow-up period and availability of important confounders. Unique to our study is the assessment of patterns of RAS inhibitor use, as opposed to static use, over time.

We acknowledge several limitations in our study. Medication use was ascertained only every 6 months and did not include detailed information regarding dose, use of medications before study entry, indication or contraindication for RAS inhibitor prescription, complications of RAS inhibitor use (eg, hospitalizations for hyperkalemia), reason for medication changes, or measures of medication adherence. We studied a selective population of research volunteers from nephrology clinics from US medical centers, which may not be generalizable to other populations. The study was not designed to determine rationale for medication initiation or discontinuation or to assess adverse events. We had a relatively small sample size and the possibility of residual confounding exists, despite the use of propensity score analysis. We are not able to determine causation or rule out confounding by indication.

In conclusion, we found that use of RAS inhibitors was heterogeneous after patients advanced to an eGFR \< 30 mL/min/1.73 m^2^. However, we did not find differences in risk for progression to ESRD or mortality based on patterns of RAS inhibitor use during advanced stages of CKD. Investigation of therapies to improve clinical outcomes in this vulnerable and high-risk period should be prioritized.

Supplementary Material {#appsec1}
======================

Supplementary File (PDF). Tables S1-S4

Authors' Full Names and Academic Degrees {#sec4}
========================================

Nayan Arora, MD, Ronit Katz, PhD, and Nisha Bansal, MD

Authors' Contributions {#sec5}
======================

Research idea and study design: NB; data acquisition: NB, NA, RK; data analysis and interpretation: NB, NA, RK; statistical analysis: RK; supervision and mentorship: NB. Each author contributed important intellectual content during manuscript drafting or revision and accepts accountability for the overall work by ensuring that questions pertaining to the accuracy or integrity of any portion of the work are appropriately investigated and resolved.

Support {#sec6}
=======

The CRIC Study was conducted by the CRIC and supported by the 10.13039/100000062National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK). The data from CRIC reported here were supplied by the NIDDK Central Repositories. This manuscript was not prepared in collaboration with CRIC Steering Committee and does not necessarily reflect the opinions or views of the CRIC study, the NIDDK Central Repositories, or the NIDDK.

Financial Disclosure {#sec7}
====================

The authors declare that they have no relevant financial interests.

Disclaimer {#sec8}
==========

This manuscript was not prepared in collaboration with Investigators of the CRIC Study and does not necessarily reflect the opinions or views of the CRIC Study, the NIDDK Central Repositories, or the NIDDK.

Peer Review {#sec9}
===========

Received July 3, 2019. Evaluated by 2 external peer reviewers, with direct editorial input from the Statistical Editor, an Associate Editor, and the Editor-in-Chief. Accepted in revised form December 12, 2019.

Complete author and article information provided before references.

[**Supplementary File (PDF)**](10.1016/j.xkme.2019.12.007){#intref0015}

**Table S1:** Association of patterns of ACE inhibitor/ARB use with ESRD in propensity-matched participants, accounting for competing risk of death

**Table S2:** Association of patterns of ACE inhibitor/ARB use with ESRD and mortality in propensity-matched participants, adjusted for urine protein-creatinine ratio

**Table S3:** Association of patterns of ACE inhibitor/ARB use with risk of ESRD, non--propensity score--matched analysis

**Table S4:** Association of patterns of ACE inhibitor/ARB use with risk of mortality, non--propensity score--matched analysis

[^1]: *Note:* Values expressed as number (percent), mean ± standard deviation, or median \[interquartile range\] unless otherwise noted.

[^2]: Abbreviations: ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; CRIC, Chronic Renal Insufficiency Cohort; eGFR, estimated glomerular filtration rate; RAS, renin-angiotensin system.

[^3]: *Note:* Values expressed as number (percent), mean ±SD, or mean \[minimum, maximum\] unless otherwise noted.

[^4]: Abbreviations: eGFR, estimated glomerular filtration rate; SD, standard deviation.

[^5]: Abbreviations: ACEi/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; CI, confidence interval; ESRD, end-stage renal disease.
